Abstract | The amyloid hypothesis has yielded a series of well-validated candidate drug targets with potential for the treatment of Alzheimer disease (AD). Three proteases that are involved in the processing of amyloid precursor protein-α-secretase, β-secretase and γ-secretase-are of particular interest as they are central to the generation and modulation of amyloid-β peptide and can be targeted by small compounds in vitro and in vivo. Given that these proteases also fulfill other important biological roles, inhibiting their activity will clearly be inherently associated with mechanism-based toxicity. Carefully determining a suitable therapeutic window and optimizing the selectivity of the drug treatments towards amyloid precursor protein processing might be ways of overcoming this potential complication. Secretase inhibitors are likely to be the first small-molecule therapies aimed at AD modification that will be fully tested in the clinic. Success or failure of these firstgeneration AD therapies will have enormous consequences for further drug development efforts for AD and possibly other neurodegenerative conditions.
Introduction
effective therapy for alzheimer disease (aD) is one of the major unmet needs in modern medicine. to date, the options to develop medication for aD have been fairly limited. novel treatments that address cognitive and behavioral symptoms might complement existing cognition-enhancing therapies, such as the acetylcholinesterase inhibitors and the N-methyl-d-aspartate receptor antagonist memantine, but are unlikely to provide sufficient benefit as the disease progresses. alternatively, a healthy diet and physical or cog nitive exercise might prove to be effective interventions that could reduce the incidence of the disease. Both epidemio logical studies and experiments in transgenic mice have shown that these 'lifestyle' interventions can indeed reduce the incidence of both dementia and dementia-related biochemical changes in the brain. 1, 2 Clearly, however, lifestyle interventions will not prevent all instances of aD, and treatments that target the pathological processes that underlie this disease are more likely to provide effective treatment strategies.
aD, like many other geriatric disorders, seems to be multifactorial in origin. the prevailing theory, the 'amyloid hypothesis' , suggests that in the context of failing protection and compensation mechanisms in the aging brain, accumulation of the amyloid-β (aβ) peptide in protein aggregates triggers numerous pathophysiologic al changes that ultimately lead to cognitive dysfunction. 3 aβ is produced exclusively by two membrane-bound secretases, and their activity can lead to the accumulation of aβ in senile plaques, which are one of the defining lesions of aD. 4 Furthermore, the consistent emergence of these lesions in the neocortex and hippocampus of patients with aD might indicate that a common biochemical and anatomical pathway exists in this disease, on which the various other risk factors for aD might converge. the amyloid hypothesis also provides the rationale for the current main focus of the pharmaceutical in dustry, namely to successfully target the aβ aggregates.
the amyloid hypothesis has been modified and chal lenged, but is still the only hypothesis with true trans lational impact. this hypothesis has led to the identifica tion of viable therapeutic targets for treatment or prevention of aD, such as the secretasesproteases that are involved in the generation of aβ ( Figure 1 ). successful identification of such targets has enabled the development of drug therapies that inhibit aβ production. Given that aβ aggregation is partially a concentration-dependent phenomenon, it is widely believed that such drugs, if shown to lower aβ in the human brain, might become the first disease-modifying treatments for aD. whether these drugs will work as therapies should be determined in the next few years. secretase-based therapies are postulated to be most effective if initiated before disease onset, but whether the regulatory, financial and ethical obstacles to conducting such trials will be overcome in the near future is not clear.
in this review, we discuss the biology of the three secretases with regard to their viability as potential therapeutic targets for aD drug treatments. we also provide an update on the clinical developments concerning these three drug targets and endeavor to predict how work in this area over the coming years will evolve.
α-Secretases
Biological activity outside the Cns, amyloid precursor protein (aPP) is preferentially cleaved by α-secretase (Figure 1a) .
5-7 the α-secretase activity is mediated by a series of membranebound proteases (Figure 2a) , which are members of the aDam (a disintegrin and metalloprotease) family. the α-secretases cleave aPP within the aβ sequence itself, between amino acids 16 and 17 (Figure 1c ), ge nerating a soluble aPPsα ectodomain and a membrane-bound carboxy-terminal fragment, aPP-CtFα (Figure 1a) . the latter fragment is degraded in lysosomes, 8, 9 or is further processed by γ-secretase, 10 yielding a series of short hydrophobic peptides including aβ and aβ , which are collectively called p3 fragments (Figure 1a,c) . 11 Processing of aPP by α-secretases is postulated to be protective in the context of aD because the enzymes cleave within the aβ sequence, thereby preventing the production of aβ. such a postulate is contingent, however, on multiple unknown aspects of aPP and aβ biology. For example, increasing α-secretase activity would be neuroprotective via the increased shedding of growth-promoting soluble aPPα ectodomains only if the p3 fragment produced by α-secretase activity is not pathogenic, and if increasing α-secretase activity actually lowers aβ production. several studies have indicated that increased α-secretase-mediated processing of aPP reduces the processing of aPP by β-secretase and decreases aβ pro duction; 12, 13 however, this finding has not been universally replicated.
14 Further more, the p3 peptide is very hydrophobic and has been reported to be present in diffuse amyloid plaques. 15, 16 increasing α-secretase activity, as mentioned above, increases the production of aPPsα, and has been reported to be neuro protective and growth promoting, 17 but the consequences of chronically upregulating α-secretase-mediated cleava ge of other substrates remains unknown.
From a drug discovery point of view, α-secretase is a peculiar target to choose for the development of aD drug therapies, because it represents an activity that is ascribed to multiple proteases. Furthermore, the exact identity and the relative contribution of each α-secretase to the cleavage of aPP in the brain has not been fully elucidated. transgenic approaches that overexpress the metallo protease aDam10 in mice result in increased aPPsα generation and are protective against amyloidosis in the human APP V717I transgenic mouse model. 18, 19 unfortunately, the extent to which aDam10 contributes to endogenous α-secretase activity in the human brain is unclear. Furthermore, other proteases of the same family (aDam9, aDam17 and aDam19), 18, [20] [21] [22] [23] as well as β-site aPP cleaving enzyme 2 (BaCe2), 24, 25 which shares consider able amino acid sequence homology with β-secretase, have also been shown to cleave aPP at or close to the α-cleavage site in aPP. Gene deletion studies have also been performed to ascertain the involvement of aDam9, aDam10 and aDam17 in aPP processing, but no clear understanding of how these proteins affect aPP processing in the brain Key points α ■ -Secretase, β-secretase and γ-secretase are proteases that control the production of amyloid-β (Aβ) in the brain
The secretases represent the most promising drug targets for Alzheimer ■ disease therapies
The ■ α-secretase activity is mediated by a series of membrane-bound proteases, further research is needed to identify which of these proteases are most important for processing amyloid precursor protein β ■ -Secretase and γ-secretase research has progressed enormously and compounds designed to attenuate their activity are in clinic trials
The current trials test only whether elimination or attenuating A ■ β in moderate to advanced AD could be beneficial A real test of the amyloid hypothesis will require drug testing at earlier stages ■ of the disease r e V i e W S has been established. [26] [27] [28] in fact a study has shown that aDam9 is actually not involved in the non-stimulated secretion of aPPsα in neurons. 26 Further studies are clearly needed to establish the involvement of these proteases in aPP processing. unfortunately, progress in this area has been hampered by a lack of selective α-secretase inhibitors and the lethality often observed on ablation of the genes that code for these proteases. 27, 29, 30 Deletion of the Adam10 gene, for example, produces a lethal phenotype in midgestation. this pheno type is probably caused by vascular defects, 27 which in turn are probably a consequence of deficient n-cadherin, e-cadherin and notch processing. Development of selective inhibitors of the aDam proteases and conditional transgenic animal models should help to clarify which of the enzymes with α-secretase ac tivity are most important for aPP processing.
Drug development
Current evidence suggests that the identified α-secretases demonstrate a high degree of redundancy, and which α-secretases are responsible for aPP cleavage in neurons and other brain cells is unclear.
27,31 until this ambiguity is overcome, optimizing the development of compounds that directly activate the α-secretases will be difficult. stimulating one or more of the signal transduction pathways involved in the regulation of α-secretase activity might be an alternative and indirect method of promoting α-secretase-mediated cleavage of aPP. Protein kinase C, mitogen-activated protein kinases, tyrosine kinases and calcium-mediated pathways are all known to be involved in regulating α-secretase activity, and developing compounds that stimulate α-secretase via these pathways is clearly possible. 32 retinoic acid derivatives have been proposed to increase transcription of aDam10 and could, therefore, also be used to indirectly stimulate α-secretase-mediated cleavage of aPP. 33 Development of a direct activator of α-secretase as a drug treatment for aD seems unlikely, at least in the short term. Drug treatments that indirectly act as α-secretase stimulators, however, are already being tested in clinical trials. in fact, evidence that indirect activation of α-secretase is successfully achieved by α-7-nicotinic acetylcholine receptor agonists, a 5-hydroxytryptamine receptor 4 agonist, and a γ-aminobutyric acid a receptor modulator has been used to support the clinical development of these agents (table 1) . in many cases, a paucity of data is available to show that these compounds increase α-secretase-mediated cleavage of aPP and reduce aβ levels in vivo. Despite such concerns, the strategy itself is attractive, at least from a theoretical point of view, in that the drug could be approved solely on the basis of symptomatic benefit and later be more extensively studied with respect to its potential for disease modification. [34] [35] [36] we note, however, that attenuation of aD symptoms by these drugs has not been demonstrated in patients.
β-Secretase
Biological activity the β-secretase enzyme might be a prime therapeutic target for aD, because inhibition of β-secretase should, in theory, decrease production of all forms of aβ, including the pathogenic 42 amino acid form of aβ (aβ 42 ) (Figure 1b,c) . in 1999, five different research groups independently reported the molecular cloning of β-secretase and, consequently, this enzyme has been given various names, including β-site aPP cleaving enzyme (BaCe), aspartyl protease 2 and membrane-associated as partic protease 2.
37-41 the groups used differing isolation methods (for example, expression cloning, protein purification or genomics), yet all identified the same enzyme and concurred that it possessed all the known charac teristics of β-secretase. 42 For the purposes of this review, this β-secretase will henceforth be referred to as BaCe1.
BaCe1 is a type 1 transmembrane aspartic protease (Figure 2b ) that is related to the pepsin and retroviral aspartic protease families. BaCe1 activity has a low optimum pH and the enzyme is predominantly localized in acidic intracellular compartments (for example, endosomes and the trans-Golgi network). soon after BaCe1 was discovered, a homologous protein, BaCe2, -secretase is mediated by a series of proteases, mostly members of the ADAM (a disintegrin and metalloprotease) family, which are all membrane bound and consist of several extracellular domains, including a prodomain, a catalytic domain, a disintegrin domain (which in some instances provides interaction with integrin receptors), and a cysteine-rich domain. b | By contrast, β-secretase activity is specifically mediated by the β-site APP cleaving enzyme 1 (BACE1). BACE1 is also a membrane-bound enzyme that is synthesized with a prodomain. c | The γ-secretase enzyme consists of four proteins, presenilin, nicastrin, anterior pharynx-defective 1 and presenilin enhancer protein 2. Presenilin forms the catalytic core (the catalytic aspartyl residues are indicated by red dots), and the three other proteins are thought to be involved in maturation and stability of the complex. Abbreviations: APH-1, anterior pharynx-defective 1; APP, amyloid precursor protein; PEN2, presenilin enhancer protein 2; Pro, prodomain; SP , signal peptide; TM, transmembrane domain.
f o C u S o n D e m e n T i A was identified. BaCe1 and BaCe2 share 64% amino acid sequence homology, raising the possibility that BaCe2 is also a β-secretase. unlike BaCe1, however, which is highly expressed in neurons of the brain, BaCe2 is expressed at low levels in the brain and does not have the same cleavage specificity for aPP that BaCe1 does, thus indicating that it is a poor β-secretase candidate.
to unequivocally prove that BaCe1 was identified correctly as the endogenous β-secretase, knock-out mice, in which the gene encoding BaCe1 was deleted, were generated by several groups. [43] [44] [45] [46] initial reports indicated that Bace1 -/-mice were viable and fertile, suggesting that thera peutic inhibition of BaCe1 might produce few mechanism-based adverse effects. recent studies, however, have shown that Bace1 -/-mice exhibit some abnormal phenotypes that are related to the physio logical functions of BaCe1 (see below). this finding raises concerns that inhibition of BaCe1 could produce serious adverse effects in humans. nevertheless, aβ generation, amyloid pathology, electrophysiological dysfunction, and cognitive deficits are all reported to be abrogated when Bace1 -/-mice are bred to APP transgenics (mice that overexpress the mutant form of aPP) to generate Bace1 -/-;APP bigenic mice. 43, 47, 48 Bace1 -/-mice are devoid of cerebral aβ, indicating that BaCe1 is the main, if not the only, β-secretase enzyme in the brain. 49, 50 this idea is further supported by reports that lentiviral delivery of Bace1 small interfering rna attenuates both aβ amyloidosis and cognitive deficits in APP transgenic mice. 48, 51 in addition, the rescue of memory deficits in Bace1 -/-;APP bigenic mice suggests that therapeutic BaCe1 inhibition should improve aβ-dependent cognitive impairment in patients with aD. taken together, the BaCe1 characterization and validation studies have unequivocally de monstrated that BaCe1 is the endogenous β-secretase in the brain and that it is a promising therapeutic target for lowering cerebral aβ levels in patients with aD.
BaCe1 is involved in the processing of numerous other proteins in addition to aPP. identifying these proteins will be necessary for evaluating the possibility of potential mechanism-based toxicity arising from inhibition of BaCe1. the inability of soluble BaCe1 to efficiently process full-length aPP suggests that all BaCe1 substrates will probably be membrane-bound proteins. 52 in fact, all reported BaCe1 substrates, such as Golgi-localized membrane-bound α2,6-sialyltransferase, 53 -/-mice also impairs remyelina tion of injured sciatic nerves. 61 these deleterious effects of attenuated processing of nrG1 by BaCe1, coupled with the diverse characteristics of the other BaCe1 substrates, suggests that the potential for drug treatments designed to inhibit BaCe1 activity to display substantial mechanism-based toxicity is high. Concerns over treatment-linked mechanism-based toxicities has prompted research into whether partial inhibition of BaCe1 activity could provide therapeutic benefits for patients with aD while limiting treatment-associated adverse effects. Decreased aβ deposition was observed in the brains of 12 month-old APPswe;PS1DE9;Bace1 +/-mice, in comparison to APPswe;PS1DE9;Bace1 +/+ mice (Box 1); however, no substantial differences were observed between these two strains at 20 months. 48 why the older mice in this study did not have reduced amyloidosis is unclear. r e V i e W S in a similar study, however, a substantial reduction in aβ burden was observed in the brains of 13 month-old and 18 month-old PDAPP;Bace1 +/-mice (Box 1). 49 although the results of the two transgenic studies differ somewhat, they both suggest that partial inhibition of BaCe1 might be sufficient to reduce aβ burden.
Drug development since the discovery of BaCe1, numerous attempts have been made to develop small-molecule BaCe1 inhibitors. First-generation BaCe1 inhibitors were peptidebased mimetics of the aPP β-cleavage site, which had the aPP β-site scissile amide bond replaced with a nonhydrolyzable transition state analog, such as statine. 40 more recently, nonpeptidergic compounds with high affinities for BaCe1 have been generated. 64, 65 although initial drug development efforts with peptidomimetic BaCe1 inhibitors were encouraging, BaCe1 has since proved to be a challenging medicinal chemistry target, for several reasons. the fact that BaCe1 has a large substrate binding site is the most obvious one, as this makes inhibiting the enzyme with small non peptidergic compounds extremely difficult. ideally, BaCe1 inhibitors should be <500 kDa, orally bioavailable, meta bolically stable, intrinsically potent, and highly selective for BaCe1 over BaCe2 and other aspartic proteases. Potential BaCe1 inhibitors must also, in principle, be able to penetrate both the plasma and endosomal membranes to gain access to the intracellular compartments where endo genous BaCe1 is localized. an alternative method of delivering BaCe1 inhibitors to the intracellular compartments could be achieved by designing BaCe1 inhibitors that target and bind to the small fraction of BaCe1 expressed at the cell surface. By binding to BaCe1 on the cell surface, the inhibitor could be delivered together with BaCe1 to the endosomes via endocytosis. 66 efficacious BaCe1 drugs would also need to efficiently cross the blood-brain barrier.
Despite these challenges, potent nonpeptidergic smallmolecule BaCe1 inhibitors have been reported that meet the necessary criteria and show efficacy in lowering cerebral aβ levels in animal models of aD. 65 moreover, the pharmaceutical company Comentis recently announced the completion of the first phase i clinical trial of a candidate BaCe1 inhibitor drug, and other candidate BaCe1 inhibitors might soon be entering clinical trials (table 1) . reports of successful development of potential non peptidergic small-molecule BaCe1 inhibitors are encourag ing, and suggest that therapeutic approaches involving BaCe inhibition for the treatment or prevention of aD might be a reality in the future. Given that BaCe1 seems to be involved in other important physiological roles, careful titration of BaCe1 drug dosage might be necessary to minimize mechanism-based adverse effects.
γ-Secretase
Biological activity Despite long-standing knowledge that aβ was generated through the processing of aPP by secretases, the identity of the γ-secretase remained unresolved for many years. through a convergence of genetic, pharmacological, protein and cell biology studies, it is now clear that γ-secretase is a multi-subunit aspartyl protease that cleaves aPP and many other type 1 trans membrane pro teins within their transmembrane domains. 67, 68 Presenilin 1 and presenilin 2 (Ps1 and Ps2) form the cata lytic core of γ-secretase, and three accessory proteins, anterior pharynx-defective 1 (aPH-1), nicastrin, and presenilin enhancer protein 2 (Pen2) are also required to complete the γ-secretase complex (Figure 2c) . 67, 69, 70 the three accessory proteins seem to be involved in the matura tion and stability of the complex. nicastrin has also been reported to be a substrate receptor; 71 however, the data supporting this function is inconclusive and other studies suggest that, like aPH-1 and Pen2, nicastrin is required for complex maturation. 72 the γ-secretase complex seems to display a high degree of heterogeneity. Humans have two presenilin genes and two aPH1 isoforms-aPH-1a, which can be alternatively spliced to long and short forms, and aPH-1B-and six different functional γ-secretase complexes have been identified. 73, 74 rodents have an extra Aph1C gene, which probably arose through duplication of Aph1B.
75,76 rodent γ-secretases might, therefore, display a higher degree of heterogeneity than human γ-secretase. little is known about the physiological roles of the diverse γ-secretase complexes and how they might process different substrates. one report has shown that in cell free assays, γ-secretase complexes containing aPH-1a produce different ratios of intracellular aβ species from γ-secretase complexes containing aPH-1B. in cell culture however, γ-secretase complexes with diverse aPH-1 isoforms produce similar ratios of secreted aβ. 77 Deletion of the gene encoding aPH-1a is embryonically lethal, almost certainly owing to inhibition of notch signaling. By contrast, transgenic mice with the genes encoding aPH-1B and aPH-1C deleted develop normally and have no gross phenotype. the subunit heterogeneity of the γ-secretase complex suggests that selective targeting of one particular subunit might be an effective alternative treatment strategy to nonselective γ-secretase inhibition. elective removal of aPH-1B and aPH-1C in a mouse model of aD has already been shown to decrease aβ plaque formation f o C u S o n D e m e n T i A and improve behavioral deficits, without adverse effects attributable to impaired notch signaling being reported. 77 this study provides proof of concept that specific inhibition of γ-secretase complexes containing aPH-1B in the brain could be a useful strategy for lowering aβ without inducing notch-related adverse effects. γ-secretase is not only heterogeneous with respect to its protein composition and expression, but it also ex hibits a heterogeneous protease activity by cleaving numerous and diverse transmembrane proteins. two critical asparate residues that are present in opposing transmembrane domains are believed to catalyze the hydrolysis of the peptide bond in a manner analogous to traditional aspartyl proteases; 78 however, this mechanism of catalysis has not been formally proven. electron microscopy and biochemical studies suggest that γ-secretase forms a pore-like structure in the membrane that allows water to access the active site, although the electron microscopy studies lack the resolution to provide clear insight into the catalytic mechanism. [79] [80] [81] [82] Furthermore, detailed structural data from nuclear magnetic resonance spectroscopy or X-ray crystallography seem unlikely to emerge in the short term given the complexity of analyzing a molecular complex with 19 transmembrane domains.
Particularly intriguing from a therapeutic perspective is that γ-secretase preferentially cleaves the membrane 'stub' of the substrate following ectodomain 'shedding' , and seems to cleave the substrate with an initial cleavage within the transmembrane domain close to the cyto plasmic border of the membrane, a cleavage often referred to as the ε-cleavage (Figure 1) . the ε-cleavage releases the intracellular domain from the membrane, enabling this domain to carry out an intracellular si gnaling function. For example, following γ-secretase processing, the intracellular domain of notch translocates to the nucleus, where it binds to various intracellular factors and thereby regulates transcription. 83 after the initial cleavage at the ε-cleavage site, γ-secretase cleaves the substrate again (in fact, several times) within the transmembrane domain, a process that ultimately results in the secretion of the amino-terminal portion of the substrate's membrane stub. 84 this sequential cleavage of aPP by γ-secretase produces aβ and seems to be a key determining feature that can increase an individual's risk of developing aD. in fact, all aD-associated mutations in the presenilin genes and many other mutations in APP increase the proportion of aβ 42 that is produced. 85 aβ 42 aggregates more readily than the shorter aβ peptides and seems to be required for aβ aggregation and accumulation in vivo. 86, 87 moreover, several studies support the concept that shorter aβ peptides, including the predominant aβ 40 species, inhibit aβ aggregation and deposition. 88, 89 Drug development unlike β-secretase, γ-secretase has proved to be a highly tractable target for aD drug treatment, at least with respect to the development of orally bioavailable, brainpenetrant γ-secretase inhibitors (Gsis). 90 Gsis decrease aβ production in human and mouse brains, and chronic administration decreases aβ deposition in aPP mouse models. [91] [92] [93] [94] multiple orally bioavailable, brain-penetrant Gsis have been identified; however, target-based toxicity has been a major obstacle to the clinical development of these compounds. target-based toxicity was anticipated on the basis of preclinical studies. the γ-secretase enzyme processes numerous other type 1 transmembrane proteins in addition to aPP; for example, γ-secretase processing of notch1 is crucial for notch signaling. 95 Deletion of Ps1 is embryonically lethal in mice, and these mice display a phenotype-prominent skeletal and brain abnormalities-that is also evident in notch deficient mice. 96, 97 moreover, nonselective Gsi treatment leads to a variety of toxicities related to notch inhibition, including, but not limited to, gastrointestinal, skin and immune system abnormalities.
98-100 several dozen γ-secretase substrates have now been identified; however, it is unclear to what extent these other substrates, apart from notch, contribute to the phenotypes that mice with attenuated γ-secretase processing display. Furthermore, accumulation of aPP carboxy-terminal fragments follow ing Gsi treatment has been suggested to be toxic, although mice treated with Gsis provided no evidence for this assertion. 101 Gsis are now being tested in clinical trials (table 1) . lY450139 is a nonselective Gsi, and is currently being tested in a phase iii study. through use of stable isotope labeling combined with cerebrospinal fluid (CsF) sampling to measure the synthesis rate of aβ, a single oral dose of this compound has been shown to lower CsF aβ production in healthy men. 91, 102 notably, in the same study, enzyme-linked immunosorbent assay analyses of aβ showed that a substantial decrease in total aβ was evident only in the treatment group receiving the highest dose of the compound.
as noted previously, the main concern regarding nonselective Gsis is target-mediated toxicity. a narrow therapeutic window exists in which nonselective Gsis substantially reduce aβ levels in the brain in the absence of notch-related adverse effects. to overcome these toxicity issues, pharmaceutical companies have been trying to develop 'notch-sparing' Gsis. such pharmacological selectivity has been shown to be possible; 103, 104 how ever, the original compounds were not particularly potent. two new notch-sparing inhibitors have recently been described (table 1), one of which (Bms-708,163) has been shown in phase i clinical trials to lower plasma and CsF aβ levels. 105 no human data have yet been disclosed for the other novel notch-sparing inhibitor, begacestat.
106 the early notch-sparing Gsis were reported to bind to an adenosine triphosphate site on the γ-secretase complex; 103 however, the mechanism by which the second-generation notch-sparing Gsis work is either not known or has not been disclosed. some authors have proposed that these Gsis work by binding to the substrate docking sites on γ-secretase that are distinct between notch and aPP. another possibility is that the compounds selectively target different γ-secretase complexes. at present, the extent to which notch-sparing Gsis inhibit the processing of the other r e V i e W S identified γ-secretase substrates is unclear, and safety concerns around this issue are largely theoretical.
Compounds known as γ-secretase modulators (Gsms) have been shown to alter the profile of the aβ peptides produced by γ-secretase activity in vitro and in vivo. 107, 108 aβ 42 -reducing Gsms not only decrease levels of aβ 42 , but also increase levels of shorter aβ peptides. inverse or aβ 42 -raising Gsms, on the other hand, increase levels of aβ 42 and decrease the production of shorter aβ peptides. 107, 109 although Gsms have been reported to have varying effects on substrates other than aPP, they do not seem to inhibit signaling events mediated by these substrates; 107, 110 thus, Gsms seem to avoid target-based toxicity. moreover, given that aD-associated mutations in APP and the presenilin genes modify γ-secretase activity subtly to favor aβ 42 production by as little as 30%, selectively reducing the levels of aβ 42 with Gsms is an attractive alternative treatment strategy to Gsi therapy. tarenflurbil (R-flurbiprofen), the first Gsm to be evaluated in humans, was shown to be safe in the long term but recently failed in phase iii clinical trials. after 18 months of treatment, patients with aD who received either the active treatment or placebo had almost identical scores on the alzheimer's Disease Cooperative study-activities of Daily living (aDCs-aDl) score and the alzheimer's Disease assessment scale Cognitive subscale (aDasCog). this failure was possibly due to low potency ascribed to the compound and poor Cns penetration. 111 the recent discovery that certain Gsms bind directly to aPP instead of γ-secretase suggests that these compounds might act through a novel mechanism. 112 several Gsms have been reported that are better aD drug candidates than the first-generation Gsm compounds, but their mechanisms of action remain unknown. 113 Conclusions the past 10 years have seen substantial progress with regard to the identification and characterization of the secretase enzymes that cleave aPP and are involved in the generation of the aβ peptide in aD. these insights provide a molecular framework for rational drug design. the three secretases have been studied extensively with regard to their physiological importance, and we now have a reasonable understanding of the potential adverse effects associated with the use of drugs that modulate their activities. Compounds targeting each of the three secretases are currently in clinical trials. whether the currently targeted patients; that is, patients with moderate to severe aD, will show any perceivable benefit from taking such drugs remains an open question, as the brain damage sustained by this stage of disease progression might be irreversible. moreover, some aspects of the neurodegenerative process, such as intracellular accumulation of tau, might, once induced, become self propagating. Clinicians should, therefore, consider treating patients as soon as possible at a very early stage of the disease, and perhaps even when they are still presymptomatic. the availability of in vivo amyloid imaging might make this approach viable for the prevention of aD in the future. 114 
Review criteria
The PubMed database was searched for relevant papers using the terms "secretases", "presenilin", "ADAM", "BACE1", and "Alzheimer's Disease" and papers were selected based on expert knowledge of the field and of the literature. We have also browsed the website of Alzheimer research forum (http://www.alzforum.org/) for additional updates on drug trials and news from meetings.
